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Abstract 
 
While the automation of planar sewing is a rather mature technology, the automation of 
sewing in three-dimensional space is still a challenging task to accomplish and is mostly done 
by human workers in factories. This Major Qualifying Project researches into automating the 
sewing process by designing a system for 3D soft matter manipulation. The team proposed a 
working prototype that utilizes a pin system which consists of five motorized top pins and 
their five passive counter-parts at the bottom. Three curves (a tilted semicircle, a portion from 
a hyperbolic paraboloid, and a portion from a helix) were chosen as the target curves for 
testing the system’s performance, and a piece of polyester microfiber fabric was chosen as 
the test fabric. By measuring the coordinates of the final top pin positions, it was determined 
that the system successfully replicated the target curves within an error of ±10% while 
holding the test fabric during and after curve formation. As a result, the proposed system 
successfully achieved the goals for this project. The system is subject to future iterations to 
improve its performance and to be made compatible with factory processes.  
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Chapter 1: Introduction 
In the 19th century, the development and adoption of innovative technologies lead to the mass 
production of sewn goods and formed a brand new way of production at the time. The textile 
industry then became one of the most important industries in the world, both in economical 
terms and in social terms. However, the industry has been slow in adopting new technologies 
since then and the sewing processes remain highly labor intensive. In the beginning of the 
20th century, manufacturing processes for sewn goods are relocated to developing countries 
for their comparatively low production costs. [1] While this business mode has been proved 
to be effective in the past, the rising labor costs and the increasing social awareness of poor 
production conditions in developing countries are pushing the industry to search for better 
production methods.  
 
Under the unstoppable wave of robotics and automation technologies, some companies turn 
to develop robotic systems that can automate the sewing processes. Current technologies 
focus on the manipulation of fabric in 2D planes, and some of the existing sewing systems 
are already put to use in factories. While the automation of planar sewing is a rather mature 
technology, the automation of sewing in three-dimensional space is still a challenging task to 
accomplish and is still done by human workers in factories. Nevertheless, fabric manipulation 
in 3D space is a crucial task for the production of sewn good such as footwear, hats, and bags. 
 
In order to fill the technological gap of 3D soft matter manipulation, the team researched into  
developing a system that can hold and mold fabric into a variety of shapes in 3D space. In 
order to fit the sewing processes, the system should be able to form both symmetric and 
asymmetric curve in 3D space. Thus, the team defined four goals for the system: 
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1. Create a semicircle in 3D space, within an error of ±10% 
2. Create a portion of a hyperbolic paraboloid in 3D space, within an error of ±10% 
3. Create a portion of a helix in 3D space, with an error of ±10% 
4. Hold the test fabric made out of polyester microfiber without slipping during and after 
curve formation 
 
This report starts with a background chapter (Chapter 2) which includes a brief introduction 
of the textile industry, current automation technologies for sewing, and the motivation for this 
Major Qualifying Project. Following the background chapter are the four goals for this 
project (Chapter 3). Chapter 4 introduces the inspiration and the preliminary designs for our 
proposed system, which is followed by a thorough explanation of the final system design in 
Chapter 5 and a detailed discussion of the control and calculations in Chapter 6. The results 
and analysis of the performance of the developed system are included in the next chapter. The 
report concludes with the recommendations for future iterations of the system.  
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Chapter 2: Background 
Textile industry 
In the 19th century, the textile industry took the lead in the first industrial revolution. 
The use of innovative technologies such as power looms, cotton gins, and sewing machines 
lead to the mass production of textile and formed a brand new way of production at that time. 
Due to the nature of the constant need for clothing and other textile-related products, the 
industry remained one of the most important sectors in the world, both economically and 
socially; it played an important role in economic growth and job creation in European 
countries as well as the US. By the early 20th century, following the wave of globalization, 
the production was relocated to developing countries where the costs of labor and 
manufacturing are significantly lower. [1] However, the industry has been slow in developing 
and adopting new technologies since then, especially for the sewing processes. Despite some 
improvements of sewing machines, the processes still require human workers to guide the 
fabric, and the production remains highly labor-intensive. Figure 1 displays a typical working 
scenario in a Troy collar factory in the 1890s, which barely changed as compared with the 
working scene of a textile factory today in 2019, as shown in Figure 2.  
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Figure 1: Troy collar factory, around 1890s. 
(upstategirls.org, https://www.brownstoner.com/history/walkabout-kate-mullany-a-troy-
story-part-1/) 
 
 
Figure 2: Textile factory in Argentina, 2019. 
(By Alicia Mares, https://hk.fashionnetwork.com/news/Argentine-textile-crisis-shutters-VF-
Corp-factory,850226.html#.XLfLd-hKjIV) 
 
While this business mode of outsourcing production has proved to be effective, due to the 
rising labor costs in developing countries and the demands from the markets for quicker 
response and more customized goods, a more efficient business mode is needed. In addition 
to the economical reasons, the jobs in the textile industry are losing attractiveness to the 
younger generations and in recent years, fewer and fewer people are willing to enter the 
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industry. Furthermore, poor production conditions and the occurring accidents, for example, 
the collapse of Rana Plaza in Bangladesh in 2013, are pushing the industry in search for 
better methods for production. [2] 
 
Current technologies 
Some companies and researchers took very innovative approaches to improve the 
production processes of clothing and other textile-related goods. For example, Fabrican Ltd 
developed a spray-on fabric in which no sewing is involved in the manufacturing processes. 
The liquified fabric is sprayed on to a body or a dress form; after the solvent evaporates, the 
fibers are bonded to form a piece of garment. [3] Another interesting approach is developed 
by Kniterate to automate the knitting process with a 3-D printer. [4] Although these 
technologies provide simple and quick solutions to garment fabrication and might be good 
production methods for customized goods and fashion industry, they are not applicable to 
mass production of clothing and are difficult to incorporate to the current facilities in 
factories.  
 
Under the unstoppable wave of technological advances in automation and robotics, a more 
desirable approach to update the current production methods in the textile industry is to 
automate the sewing processes with robotic systems. Historically, there were attempts to 
automate the sewing processes; in 1980s, the first “sew-bots” were developed, however, they 
did not catch enough attention at the time due to the diversity of materials and the 
comparative advantage of low labor costs. In recent years, as “sew-bots” regain attentions 
from the industry and as the technologies gradually matured, some companies have 
developed robotic systems that can manipulate fabric in two-dimensional plane to automate 
the sewing processes.  
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One typical example is the LOWRY system developed by SoftWear Automation, as shown in 
Figure 3. The system is able to pick up, place, and guide fabric in a sewing process, 
comparable to a skilled worker. [5] However, as with other existing systems, the LOWRY 
system is only capable of handling fabric in 2D, and the manipulation in three-dimensional 
space is beyond reach.  
 
 
Figure 3: The LOWRY system developed by SoftWear Automation. 
(http://softwearautomation.com/) 
 
Motivation 
While the handling of fabric in 2D plane is being perfected, the soft matter 
manipulation in 3D space is still a technological gap. Nevertheless, 3D manipulation is a 
crucial task in the production of goods such as footwear, hats, and bags. For example, when 
attaching the toe cap or the quarter to the vamp of the shoe, it is important for the worker to 
bend both pieces into shapes in 3D space to allow sewing, as shown in Figure 4. Due to the 
unpredictable nature of soft matter and the complexity of bending and holding fabrics, this 
task is still done by human workers.  
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Figure 4: Bending fabric during sewing processes for shoes. 
(https://www.shutterstock.com/zh/video/clip-24786626-manufacturing-shoes-shoe-factory-
sewing-natural-leather) 
 
In order to reduce manufacturing costs, increase productivity, and streamline the production 
processes, the technological gap of 3D soft matter manipulation needs to be filled by robotic 
systems and automation technologies. 
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Chapter 3: Project Goals 
The soft matter manipulation team researched into developing a system that can hold and 
mold fabric into a variety of shapes in 3D space. The system should be easy to operate and 
can be easily made compatible with current sewing processes in textile factories. The project 
has the following goals. 
 
Goal 1: Create symmetric curve in 3D - Semicircle 
The system should be able to form symmetric curves in three-dimensional space. Since 
semicircle is a basic shape and is widely used in sewing processes, such as for collars, it is set 
as the first target curve for the system to form. Thus, the first goal for this project is to form 
the convex semicircle, as shown in Figure 5. The semicircle has a radius of 4 inches and is on 
a plane tilted at 80° angle (α) to the y-z plane; it is defined by the following parametric 
equations: 
ݔ = ቀെඥ16 െ ݐଶ + 4ቁ ∙ sin(ߙ) 
ݕ = ݐ 
ݖ = ቀെඥ16 െ ݐଶ + 4ቁ ∙ cos(ߙ) െ 2 
The system should be able to locate a set of points on the curve and bend the fabric into the 
target semicircle within an error of ±10%. 
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Figure 5: Symmetric target curve - semi-circle in a tilted plane. 
 
Goal 2: Create asymmetric curve in 3D - hyperbolic paraboloid 
The system should also be able to generate asymmetric curves in 3D space. A portion of a 
curve from the surface of a hyperbolic paraboloid, shown in Figure 6, is chosen as the second 
target curve for the system. The curve is defined by the following parametric equations: 
ݔ =  2 ∙ ݏ݅݊ݐ 
ݕ = 8 ∙ ܿ݋ݏݐ 4 
ݖ = cos(2ݐ) െ 2 
The system should be able to bend the fabric to the target portion from the hyperbolic 
paraboloid within an error of ±10%. 
 
Figure 6: Asymmetric target curve - portion from a hyperbolic paraboloid 
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Goal 3: Create asymmetric curve in 3D - helix 
In order to test the repeatability and the functionality of the system, a portion from a helix 
was also chosen to be the third target curve, as shown in Figure 7. The helix is defined by the 
following parametric equations: 
ݔ = 2 ∙ ܿ݋ݏݐ 
ݕ = 4 ∙ ݏ݅݊ݐ 
ݖ = 0.7 ∙ (ݐ െ 1.57) 
Again, the system should be able to form the curve within an error of ±10%. 
 
 
Figure 7: Asymmetric target curve - portion from a helix 
 
Goal 4: Hold fabric in place while performing the tasks 
The final objective for this project is to hold a piece fabric made out of polyester microfibers 
without slipping while forming the target curves. Since this is our first attempt for 3D soft 
matter manipulation, the system is not designed to pick up the fabric. Thus, prior to curve 
formation, a piece of polyester microfibers fabric, shown in Figure 8, will be fed manually 
into the system. Afterwards, the system must be able to hold the fabric during curve 
formation processes and keep the fabric in the desired shapes after forming the target curves.  
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Figure 8: Test fabric made out of polyester microfibers 
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Chapter 4: Inspiration and preliminary designs 
The inspiration for our design came from the pin art toy, as shown in Figure 9, in which a 
matrix of pins can conform to the shapes of various objects. We wanted to use its concept of 
breaking a continuum down into a series of differential sub-parts. At first, we planned to 
design a matrix of pins, in which each pin can be controlled independently to define a set of 
points with given coordinates, therefore to form a surface in three-dimensional space. But this 
approach was soon abandoned as we realized that the key for sewing is to guide the fabric 
along a specified curve through the sewing machine, rather than a surface in 3D. Thus, 
forming a surface will lead to large quantity of unnecessary calculations and controls, which 
is undesirable for manufacturing processes. 
 
 
Figure 9: Inspiration – pin art toy. 
(https://www.amazon.com/Bits-Pieces-Children-Classic-Sculpture/dp/B017TGMHVW) 
 
We then changed the design to feature a single array of five pins, as shown in Figure 10. By 
defining a set of points on a curve, the system should be able to form the desired curves. This 
design aims to mimic the performance of human hands. However, each finger of the human 
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hand has four degrees of freedom (the thumb has 5 DOF) and the dexterity of human hands 
can hardly be replicated by machines. Therefore, we decided to implement just two degrees 
of freedom for each pin in our system, one for rotation around the central horizontal axis and 
the other for translation in planes perpendicular to the axis. We chose to work in polar 
coordinates so that the final positions of each pin can be defined with only two parameters. 
 
 
Figure 10: Preliminary design with a single array of pins 
 
In order to hold the fabric in place, we decided to add in another set of five pins from below 
to act as counterparts to the five pins on the top. With the deployment of ten pins, the system 
should be able to hold the fabric in place. 
 
Our preliminary design then settled to the plan of a symmetric pin system, with five pins on 
top, each having 2 DOF, and five pins at bottom; their connecting joints serve as fixtures for 
the fabric. Each component went through multiple iterations before coming to the final design 
of the 3D soft matter manipulator. 
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Chapter 5: Final system design 
The final design of the pin system for 3D soft matter manipulation consists of two main parts: 
five motorized top pins and five of their passive counterparts at the bottom.  
 
Top pins 
The top pins are 7-inch long aluminum threaded rods. Each of the top pins goes through a 
central mounting block and has two accompanying motors, a micro-servo motor and a pololu 
DC motor, providing two degrees of freedom for the rotational and the translational motions. 
The rotational motion is achieved by the servo motor and two bevel gears; the translational 
motion is accomplished by the screw mechanism and by connecting the top pin to the DC 
motor using a flexible shaft.  
 
Central mounting block 
The central mounting blocks, shown in Figure 11, are designed to hold the top pins and serve 
as pivots for rotation as well as the reference for translation. Each block is a 1-inch-side cube 
with customized features. Two ¼-20 hex nuts are embedded on both the top and bottom faces 
of the block (Figures 12a and 12b) to convert the rotation of each top pin to linear translation. 
There are two holes on the right and left faces of the mounting block, among which the big 
hole on the right face (Figure 12c) is designed to embed the bevel gear. A ¼ inch aluminum 
tube goes through the center of the bevel gear and extends to the small hole on the left face 
(Figure 12d) of the adjacent block; this aluminum tube serves as the axis for rotation. Due to 
the complexity of the customized features, the central mounting blocks were 3D printed using 
Polylactic Acid (PLA). The CAD model for the assembled central mounting block (with top 
pins, bevel gears, and aluminum tube) is as shown in Figure 13.  
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Figure 11: Central mounting block CAD model 
(a) Top     (b) bottom     
(c)  right    (d) left  
Figure 12: Four faces of central mounting block:  
(a) top face; (b) bottom face; (c) right face; (d) left face. 
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Figure 13: Assembled central mounting blocks, CAD model 
 
Micro-servo motor 
For the rotational motion of the pins, there is no need for continuous (360) motion, thus we 
decided to use servo motors, which have 180 degree range of angle. We decided to power the 
servo motors with an Arduino board, and therefore searched for motors with operating 
voltage around 5V. To further specify the motor, the maximum torque required for the system 
is estimated to be 0.5 lb-in, the calculation is as shown in Figure 14. As a result, five SG90 9g 
micro-servo motors, shown in Figure 15, were chosen for they are small in size, light in 
weight, and are the most cost-effective option to accomplish our goals. The operational 
voltage for the SG90 9g micro-servo is 4.8V which meets our requirement.  The stall torque 
of the SG90 micro-servo is 1.7 lb-in which is sufficient for the maximum torque required for 
the system.  
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Figure 14: Maximum torque calculation for rotational motion 
 
Figure 15: SG90 9g micro-servo motor 
 
To allow transmission of motion from the motor to the central mounting block, the shaft of 
each micro-servo motor is inserted into a 16-teeth bevel gear. This bevel gear is placed at 90 
degree angle to the 24-teeth gear mounted on the block. To improve the stability of the 
system, we designed a case for each micro-servo motor so that they can be mounted onto a 
stationary fixture. On top of each case, we also added a support for the central axis. The CAD 
model for the assembled micro-servo motor with its case is shown in Figure 16. Figure 17 
shows a picture of the top pin, the servo motor, and the central mounting block assembled 
together in the system. 
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Figure 16: Assembled micro-servo motor with case CAD model 
 
 
Figure 17: Actual picture of assembled central mounting block with servo motor 
 
Bevel gears 
Two bevel gears are used to transmit the rotational motion from the micro-servo motor to the 
central mounting block. The two gears are placed at right angle to each other to avoid 
changes in shaft speed and torque. Compared with metal gears, nylon gears are chosen for 
their more affordable price, lighter weight, and lower noise level during operation.  
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Both gears have 32 pitches and a pressure angle of 20 degree. One gear has 16 teeth and is 
attached to the servo motor whereas the other gear with 24 teeth is embedded into the central 
mounting block. This arrangement gives the gear ratio for input and output to be 2:3 
(calculation is shown in Figure 18), which allows the control for rotational angle.   
 
Figure 18: Bevel gear ratio calculation 
 
DC motor with encoder 
To vary the length of the top pins, each pin needs to be rotated through the hex nuts on the 
mounting block. The number of revolutions needs to be recorded for accurate control of the 
length of elongation. Furthermore, the speed of each pin’s rotation must be controlled 
independently in order to coordinate a smooth motion for the system as a whole. Therefore, 
we decided to use five 50:1 metal gearmotors with integrated quadrature encoder, as shown 
in Figure 19.  
 
Figure 19: Pololu 50:1 DC motor with integrated encoder 
(https://www.pololu.com/product/2824) 
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The DC motors have gear ratio of 50:1 and operate with 12V. The maximum free rotating 
speed is 200 rpm, which is desirable such that the pins will reach the destinations in a 
reasonable amount of time. The stall torque is 170 oz-in (12 kg-cm) which is far beyond the 
need for screwing the top pins through the hex nuts. Each DC motor has two encoder outputs 
which provide a resolution of 64 counts per revolution for the motor shaft and 3200 counts 
per revolution for the output shaft of the gearbox. Although this high resolution might be 
useful for more delicate materials and more complex shapes, in this project, we employed 
only one encoder output, which corresponds to 16 counts per revolution of the motor shaft 
and 800 counts per revolution of the gearbox’s output shaft. This provides enough resolution 
for the target curves in this project. The integrated encoder is shown in Figure 20.  
 
 
Figure 20: Integrated quadrature encoder of the DC motor 
(https://www.pololu.com/product/2824) 
 
The D-shaped output shafts of the DC motors are connected to the ends of flexible shafts, 
through which the rotation is transmitted. The DC motors are placed at the base of the system 
to lower the center of gravity and improve the system’s balance and stability. 
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Flexible shaft 
Flexible shafts, shown in Figure 21, are used to connect the output shafts of the DC motors to 
the ends of the top pins. Constrained by the length of the flexible shaft, we raised the height 
of the system to allow the flexible shaft to go through. To avoid large curvatures and also 
balance the gravitational force of the shaft, we added a bar in the back to support the shafts, 
as shown in Figure 22. In addition, we added a fixture ring for each shaft to prevent it from 
swinging from side to side as it rotates, as shown in Figure 23. 
 
 
Figure 21: Flexible shaft 
 
Figure 22: Support for flexible shaft 
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Figure 23: Fixture for flexible shaft 
 
One end (the chuck) of the flexible shaft is connected to the DC motor simply by a coupler. 
The other end of the shaft is connected to the top pins using universal joints, as shown in 
Figure 24.  
 
(a)   (b)  
Figure 24: Connecting pieces of the flexible shaft: (a) connection to DC motor shaft; (b) 
connection to end of top pin 
 
Although it seems minor, but one of the biggest difficulties encountered in building the 
system is the connection between the flexible shaft and the top pin. At first, we used a rigid 
connecting piece, but that proved to be problematic due to the limitation of its operating angle. 
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Whenever the pin is rotated to an angle greater than about 20 degrees, the rigidity of the 
connecting piece inhibits the transmission of rotational motion from the flexible shaft to the 
pin, which would cause large torque and damage the system. To solve this problem, the team 
first tried to rearrange the path of the shaft and provide extra supports such as zip ties and 
rubber bands. Unfortunately, all these approaches failed. After about a week’s researching, 
brainstorming, and experimenting, we decided to switch to a flexible connecting piece. The 
universal joint is chosen for it allows the simultaneous rotations of two pieces whose axes are 
inclined to each other, and it provides a smooth transmission of the rotary motion. After 
deploying the universal joint, the flexible shafts can successfully transmit the rotational 
motion from the DC motor to the top pins.  
 
Bottom pins 
The bottom pins are designed to be passive and simply follow the motion of their top 
counterparts. ¼ aluminum tubing is used since it is both light and strong. The lengths of each 
bottom pins is cut to 5 inches. Same as the top pins, each of the bottom pins also has 2 
degrees of freedom, rotation and translation. To realize the two motions, the pins are 
constrained in sleeves, as shown in Figure 25. The sleeves are pivoted at a horizontal steel 
rod at the bottom, which serves as the axis of rotation. A slider is used to allow translation 
along the sleeve. The sleeves are 3D printed using PLA.  
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Figure 25: Design of bottom pins 
 
Magnetic connections 
To connect the ends of the top and bottom pins, neodymium rare-earth magnetic balls are 
used. However, since the neodymium magnets are very strong, we decided to use them only 
on the bottom pins, whereas steel balls are used for the top pins. Figure 26 displays the 
connection for one set of pins. The magnetic and steel balls are placed in 3D printed cups 
which are in turn attached to the top and bottom pins. The balls are connected at a fixed point 
and can rotate freely in the cup as the pins rotate and extend. They also serve as fixtures for 
the fabric during curve formation processes. 
 
Figure 26: Magnetic connection for top and bottom pins 
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Framework  
The frame of the system is assembled using VEX hardware, shown in figure 27, for they are 
strong as supports, can be made easily into customized shapes, and are readily available.   
 
 
Figure 27: VEX hardware for framework 
(https://www.vexrobotics.com/276-2161.html) 
 
Full system 
The fully assembled system is shown in Figure 28. The size of the system is 13in×10in×23in, 
and the weight is approximately 5lb. The cost of the system is estimated and the summarized 
in Table 1.  
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Figure 28: Fully assembled 3D soft matter manipulation system 
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Table 1: Estimated costs of system components 
Component  Quantity Estimated cost (dollars) 
Aluminum threaded rod 35 inches 5 
Aluminum tube 25 inches 5 
Bevel gears 10 50 
SG90 9g micro-servo motor 5 10 
Pololu 50:1 DC motor 5 200 
Flexible shaft 5 40 
Universal joint 5 10 
Magnetic and steel balls 10 10 
VEX hardware n/a 15 
3D printing n/a 5 
Total cost 350 
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Chapter 6: Control and Curve calculations 
Arduino control  
Each of the five micro-servo motors and the five DC motors in the system needs to be 
controlled independently. The control requires multiple digital inputs as well as pulse-width-
modulation (PWM) ports. Therefore, an Arduino Mega 2560 Rev3 board was chosen for it 
has 54 digital I/O pins among which 15 can be used as PWM outputs; the board is as shown 
in Figure 29.  
 
Figure 29: Arduino Mega 2560 board. 
(https://store.arduino.cc/usa/mega-2560-r3) 
 
Micro-servo motor control 
Each of the five micro-servo motors has three wires, as shown in Figure 30. The brown and 
red wires correspond to the two power lines and they are connected to the ground and 5V 
pins on the Arduino Mega board respectively. The orange line is for control signal and it is 
wired to the digital input/output pin on the Mega board. Using the <Servo.h> library in 
Arduino program, the angle and the speed for rotation can be controlled. Figure 31 shows the 
schematic for the wiring setup of one micro-servo motor.  
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Figure 30: Micro-servo motor wires 
 
 
Figure 31: Schematic for micro-servo motor wiring 
 
DC motor control 
For the DC motors, their direction and speed of rotation need to be controlled, and a 
MC33926 motor driver carrier, shown in Figure 32, is deployed for each motor. Among the 
four ports on the right of the motor driver carrier, the VIN and GND ports are connected to 
the external power supply to intake the 12V voltage signal. The two output ports, OUT1 and 
OUT2, are connected to the two power lines of the DC motor. For the ports on the left of the 
motor driver carrier, the two input ports, IN1 and IN2, are wired to the PWM pins on the 
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Arduino Mega board to take analog signal and allow controls for the direction and speed of 
the DC motor.  
 
 
Figure 32: MC33926 H-bridge motor driver carrier 
(https://www.pololu.com/product/1212) 
 
There are six wires for each DC motor, as shown in Figure 33. The red and black wires are 
the two power lines for the motor, and as discussed previously, they are connected to the 
motor driver carrier. The other four wires are for the quadrature encoder which is integrated 
in the motor and can count the revolutions of the output shaft. The blue and green wires are 
the Vcc and ground of the encoder, and they are connected to the 5V and ground pins on the 
Arduino board respectively. The yellow and white wires are the two encoder outputs. As 
mentioned in the previous section, only one output is utilized in our system. Thus, the yellow 
output wire is connected to the PWM pins on Arduino board whereas the white output wire is 
left unused. The schematic for the wiring of one DC motor is shown in Figure 34. 
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Color Function 
Red motor power (connects to one motor terminal) 
Black motor power (connects to the other motor terminal) 
Green encoder GND 
Blue encoder Vcc (3.5 – 20 V) 
Yellow encoder A output 
White encoder B output 
Figure 33: Wires and specifications of the DC motor 
(https://www.pololu.com/product/2824) 
 
 
Figure 34: Schematic for DC motor wiring 
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In the Arduino program, “digitalWrite” function was used to give the two inputs either a 
HIGH value or a LOW value. By switching the values for the two inputs, the direction of the 
rotation can be altered. Using the “analogWrite” function in the Arduino, an analog value 
(PWM wave with a number between 0 and 255) is given to the input with HIGH value. The 
analog value written to the input determines the speed of the motor’s rotation. If the value is 
set to be 255, the motor will run at its full speed which is 200 rpm; on the other hand, if the 
speed is set to 0, the motor will stop rotating. To get speed other than the maximum and 
minimum values, the number (between 0 and 255) can be obtained using the following 
equation: 
݀݁ݏ݅ݎ݁݀ ݉݋ݐ݋ݎ ݏ݌݁݁݀
݉ܽݔ݅݉ݑ݉ ݏ݌݁݁݀
=
ܹܲܯ ݒ݈ܽݑ݁
255
 
ܹܲܯ ݒ݈ܽݑ݁ = 255 ∙ (
݀݁ݏ݅ݎ݁݀ ݉݋ݐ݋ݎ ݏ݌݁݁݀
݉ܽݔ݅݉ݑ݉ ݏ݌݁݁݀
) 
 
The function of “attachInterrupt” is used for control with the encoder readings:  
 
The function reads the encoder output every time there is a fall in the signal, and the motor 
can be stopped after rotating for a given number of revolutions.  
 
Input calculations 
There are two input values for each pin, the angle of rotation for the micro-servo motor and 
the number of revolutions for the DC motor, giving a total of 10 inputs. The values are 
calculated from the parametric equations of the target curves. The five top pins are tuned to 
their initial positions, as shown in Figure 35, at which the micro-servos are at zero-angle and 
the end of each pin is 1.5 inches from the bottom face of their mounting blocks.  
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Figure 35: Initial position of the system 
 
To aid calculation, a 3D coordinate system (x-y-z) is constructed for the soft matter 
manipulator, as shown in Figure 36. The horizontal axis around which the top pins rotate is 
set as the y-axis of the system. The origin is chosen to be the initial position at which the end 
of the middle pin is located. The z-axis is chosen to be the line at which the middle pin 
initially lies, and the x-axis is chosen to be the line passing through the origin and 
perpendicular to both the y- and the z- axes. The pins are number 1 to 5 from left to right. 
 
Figure 36: 3D coordinate system for the soft matter manipulator. 
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There is no pin movement in the y-direction, thus the y-coordinate for each pin is fixed. 
While the spacing between adjacent pins is fixed at 2 inches, the pins have y-coordinates of  
-4, -2, 0, 2, and 4. Since each of the three target curves are defined in parametric equations, 
the fixed y values are used to calculate the values for the parameter t, from which the x- and 
z- coordinates can be determined. The angle of rotation (θ) and the distance of elongation (r) 
for DC motors can then be calculated using the x- and z- coordinates, as follows: 
݈ܽ݊݃݁ ݋݂ ݎ݋ݐܽݐ݅݋݊: ߠ = arctan ቀ
ݔ
ݖ
ቁ 
݈݁݊݃ݐℎ ݋݂ ݈݁݋݊݃ܽݐ݅݋݊: ݎ = ඥݔଶ + ݖଶ 
These two values define the final position for each pin in polar coordinates (r, θ). The angle 
for servo motor (α) and the number of revolutions (n) for the DC motor can then be derived 
by the following steps: 
ݏ݁ݎݒ݋ ݉݋ݐ݋ݎ ݈ܽ݊݃݁: ߙ = ݃݁ܽݎ ݎܽݐ݅݋ ∙ ߠ 
݊ݑܾ݉݁ݎ ݋݂ ݎ݁ݒ݋݈ݑݐ݅݋݊ : ݊ = 20 ∙ ݎ 
Tables 2-4 summarize, for each of the three target curves, the final polar coordinates (r, θ), 
the rotation angle for the servo motor (α), and the number of revolutions (n) for the each top 
pin. 
 
Table 2: Input calculations for semicircle 
Pin # Final coordinates 
(r, θ) 
angle of rotation 
(α) 
number of revolution 
(n) 
1 (2, 0) 0 40 
2 (4.2, 55) 83 84 
3 (4.7, 58) 88 93 
4 (4.2, 55) 83 84 
5 (2, 0) 88 40 
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Table 3: Input calculations for curve from hyperbolic paraboloid 
Pin # Final coordinates 
(r, θ) 
angle of rotation 
(α) 
number of revolution 
(n) 
1 (4.24, 45) 68 85 
2 (4.09, 45) 68 82 
3 (3.61, 46) 69 72 
4 (2.73, 47) 70 55 
5 (0, 0) 0 20 
 
Table 4: Input calculations for curve from helix 
Pin # Final coordinates 
(r, θ) 
angle of rotation 
(α) 
number of revolution 
(n) 
1 (2.20, 0) 0 44 
2 (2.27, 50) 75 45 
3 (2.28, 61) 92 46 
4 (1.88, 67) 101 38 
5 (0, 0) 0 0 
 
The calculated values for the servo motors’ rotation angle and the DC motors’ number of 
revolution are then input into the Arduino program to form the target curves. 
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Chapter 7: Results and discussions 
Curve formation results 
The results for curve formation of the semicircle, portion of the hyperbolic paraboloid, and 
the portion from the helix in 3D space are shown in Figures 37-39. Comparing with the target 
curves generated in MATLAB, although there are some discrepancies, the system replicates 
the curves to a good extent.  
 
 
Figure 37: Curve formation result for semicircle 
 
 
Figure 38: Curve formation result for portion of the hyperbolic paraboloid 
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Figure 39: Curve formation result for portion of the helix 
 
Result analysis 
In order to examine the error of the curves formed by the soft matter manipulator, systematic 
measurements were conducted. A caliper is used to measure the extension of each pin with 
respect to their initial positions; and a protractor is used to measure the angle between the top 
pins and the y-z plane. Each task is repeated for three times and the mean values of the final 
coordinates are calculated from which the percentage error is obtained. The analysis for the 
three target curves are summarized in Tables 5-7. 
 
Table 5: Result analysis for semicircle 
Pin # Actual angle 
(degree) 
Ideal angle 
(degree) 
Error Actual 
elongation 
(inch) 
Ideal 
elongation 
(inch) 
Error 
1 1 0 - 2.06 ±0.013 2 3% 
2 51±3 55 9% 4.19±0.014 4.19 0.02% 
3 53±3 58 9% 4.75± 0.018 4.67 2% 
4 50±2 55 9% 4.23± 0.010 4.19 1% 
5 0.6±0.5 0 - 2.02±0.015 2 1% 
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Table 6: Result analysis for curve from hyperbolic paraboloid 
Pin # Actual angle 
(degree) 
Ideal angle 
(degree) 
Error Actual 
elongation 
(degree) 
Ideal 
elongation 
(degree) 
Error 
1 42±0.6 45 8% 4.24±0.01 4.24 0.04% 
2 41±0.6 45 9% 3.93±0.01 4.09 4% 
3 42±1 46 10% 3.30±0.02 3.61 9% 
4 36 47 31% 2.56±0.01 2.73 7% 
5 0.5±0.3 0 - 0.84 ±0.02 0 - 
 
Table 7: Result analysis for curve from helix 
Pin # Actual angle 
(degree) 
Ideal angle 
(degree) 
Error Actual 
elongation 
(inch) 
Ideal 
elongation 
(inch) 
Error 
1 0.7±0.5 0 - 2.21±0.02 2.20 0.7% 
2 54±3 50 7% 2.20±0.05 2.27 3% 
3 60±0.6 61 0.5% 2.22±0.02 2.28 2.5% 
4 62±0.6 67 9% 1.88±0.01 1.88 0.2% 
5 0±0 0 - 0.006+-0.003 0 - 
 
 The percentage errors for the elongation length are in general smaller than the errors for the 
angle. The larger percentage error in the rotational angle is mainly due to the instability of 
nylon gears. Although we chose nylon gears for its low cost, low noise, and lightweight, they 
are more flexible and less strong than metal gears, resulting in the slightly larger uncertainty 
for the angles. One of the rotational angles, the angle for pin 4 in Table 7, deviated 
dramatically from the nominal value and resulted in an unreasonably large error of 31%. 
After troubleshooting, we found that there was a skip between the gears due to inappropriate 
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handling of the system in one of the tests. If this anomaly is abandoned, the error would be 
lowered to 8%, which is within the tolerance for this project. 
 
Therefore, the system was able to form the pre-defined target curves within an error of ±
10%, and the first three goals are accomplished.  
 
Holding fabric results 
As part of the objectives for this project, the system should be able to hold a piece of 
polyester microfibers fabric while forming the target curves. After repeating the three tasks 
for multiple times, the system was proved to be able to hold and mold the fabric without 
slipping. Thus, the system achieves the final goal. 
 
The polyester microfiber test piece has good elasticity which makes it easier to manipulate 
during the curve formation processes. However, the sewing processes in factories involve the 
manipulating a variety kinds of fabrics. Thus, to further test the system’s capabilities beyond 
the goals of this project, the team did more tests with three different materials, one made out 
of cotton, one made out of suede, and the other with a meshed surface. The performance for 
cotton is comparable with that of polyester microfiber. However, the performance was not as 
desirable when using suede and meshed surface material as the test fabric. Although the 
system can still form the target curves in 3D space, slipping and snapping occurred so that the 
fabric was not appropriately molded to the desired shapes. 
 
Discussions 
Although the system developed in this project is only a preliminary attempt for 3D soft 
matter manipulation, it has huge potentials in upgrading the sewing processes in factories. 
49 
 
One of its biggest advantages is its cost-effectiveness. As estimated in Table 1 in chapter 5 
(Final system design), the cost for building this specific system is only $350. Furthermore, 
since the functions of some of the components in the system are well beyond the need for this 
project, such as the dc motor, this cost can be further reduced by choosing more cost-
effective components. Another advantage of the system is that it is highly customizable to 
suit the specific needs from factories. System components such as the length of the pins, the 
placement of DC motors, and the ratio of the bevel gears can all be adjusted to fit the need for 
specific tasks in the textile factories. Furthermore, the system is easy to operate and requires 
only a few workers to supervise its performance. 
 
While the factories in the textile industry is facing the challenges of rising labor cost and  
technological gap in 3D soft matter manipulation, this cost-effective, easy-to-operate, and 
highly-customizable 3D soft matter manipulation system will be a good candidate for 
automating the sewing processes. Its simplicity also makes it easily compatible with current 
facilities, i.e. sewing machines, in factory processes.  
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Chapter 8: Conclusions and Future recommendations 
In this Major Qualifying Project, the team developed a working prototype for 3D soft matter 
manipulation that features a pin system, aiming to mold fabric into a variety of shapes in 3D 
space. The system integrates five motorized top pins and five passive bottom pins, each 
having 2 degrees of freedom, to define a set of points on the target curve. The performance of 
the system is examined by forming both symmetric and asymmetric curves in 3D space: a 
semicircle, a portion from a hyperbolic paraboloid, and a portion from a helix. The system is 
able to replicate the target curves within an error of ±10%, which meets the first three goals 
for this project. It can also hold the test fabric, a piece made out of polyester microfibers, 
during and after curve formation without slippage. Therefore, the system accomplishes all of 
the goals for this project. Furthermore, the system has huge potentials for industrial uses due 
to its simplicity, highly customizable components, and cost-effectiveness. 
 
Although there are many opportunities and advantages for this soft matter manipulating 
system, we found, upon further tests beyond the goals for this project, there are also many 
limitations present that need future improvements. One of the biggest limitations for this 
system is that there is no absolute position control. In other words, the system has no method 
for checking and calibrating the positions of each pin, this can be problematic if the system 
accidently breaks down while performing the tasks. This problem can be eliminated by 
deploying motors with absolute encoders. Another option is to add in a sensor for position 
measurement, either optic-based such as the laser sensor or soundwave-based such as the 
ultrasonic sensor. The sensor should be implanted at the end of each top pin to detect the 
distance between the magnetic joint in contact with the fabric and the bottom face of the 
central mounting block. By adding a component for absolute position control, the system will 
be able to calibrate the positions of each pin and obtain a better accuracy.  
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Another limitation is that the system cannot hold very rigid fabric while bending it into large 
curvatures because the fabric’s lack of elasticity and stretchability will lead to snap or slip of 
the fabric. This problem can be resolved by adding in a third degree of freedom in the y-
direction.  
 
For the working prototype developed in this project, we decided to use only five sets of pins. 
In the future, the number of pins can be increased to provide better resolution or to 
manipulate larger pieces of fabric. We also recommend adding in a feature for feeding the 
fabric into the system to make it more compatible for the sewing processes. Another 
beneficial feature to have is real-time control such that the pins can change the shapes as the 
pieces are sewn together. This can be achieved by iterating the control program.  
 
Although the system developed in this project is a very preliminary attempt for 3D soft 
matter manipulation, it provides a starting point for automating this sewing process. Future 
iterations of this system will be able to free human workers from the tedious task of 
molding/guiding fabric through the sewing machines. Furthermore, integrating a 3D soft 
matter manipulation system to the factory processes will lead to lower production costs, 
higher efficiency, and more streamlined production processes. 
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Appendices 
Appendix A: MATLAB script for target curves 
A.1. Semicircle MATLAB script 
% Semi-circle in rotated plane 
% y^2+(z-6)^2=4^2 rotated at 80 degree, pivoted (0,0,-2) 
 
figure 
syms t 
alpha1 = 80; 
x = ((-sqrt(16-t^2))+4)*sin(alpha1); 
y = t; 
z = ((-sqrt(16-t^2))+4)*cos(alpha1)-2; 
fp1 = fplot3(x,y,z); 
 
set(fplot3(x,y,z),'LineWidth',3); 
xlabel('x'); 
ylabel('y'); 
zlabel('z'); 
title('Semi-circle in rotated plane (concave)'); 
axis equal; 
grid on; 
set(gca,'Color','none') 
 
A.2. Hyperbolic paraboloid MATLAB script 
% portion of a hyperbolic paraboloid 
 
figure 
syms t 
x = abs(2*sin(t)); 
y = abs(8*cos(t))-4; 
z = cos(2*t)-2; 
fplot3(x,y,z); 
 
set(fplot3(x,y,z),'LineWidth',3); 
xlabel('x'); 
ylabel('y'); 
zlabel('z'); 
title('Portion of hyperbolic paraboloid'); 
axis equal; 
grid on; 
set(gca,'Color','none') 
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A.3. Helix MATLAB script 
%Portion of a helix 
 
figure 
syms t 
x = 2*cos(t); 
y = 4*sin(t); 
z = 0.7*(t-1.57); 
fp = fplot3(x, y, z, [-1.577 1.581]); 
 
set(fp,'LineWidth',3); 
xlabel('x'); 
ylabel('y'); 
zlabel('z'); 
title('Portion of helix'); 
axis equal; 
grid on; 
set(gca,'Color','none') 
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Appendix B: Specifications and data sheets for 
system components 
 
B.1. Aluminum threaded rod data sheet 
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B.2. SG90 9g micro-servo motor product specifications 
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B.3. Bevel gears data sheet 
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B.4. Pololu DC motor data sheet and specifications 
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B.5. Flexible shaft specifications 
 
 
 
B.6. Arduino Mega specifications 
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Appendix C: Arduino code template 
 
#include <Servo.h> 
Servo myservo1; 
Servo myservo2; 
Servo myservo3; 
Servo myservo4; 
Servo myservo5; 
 
//input values 
float angle1 = 0;  float rev1 = 40; 
float angle2 = 83;  float rev2 = 83.74; 
float angle3 = 88;  float rev3 = 93.31; 
float angle4 = 83;  float rev4 = 83.74; 
float angle5 = 0;  float rev5 = 40; 
 
//wiring setup 
int p1IN1 = 3; int p1IN2 = 4; int OUT1 = 21; 
int p2IN1 = 5; int p2IN2 = 6; int OUT2 = 20; 
int p3IN1 = 7; int p3IN2 = 8; int OUT3 = 19; 
int p4IN1 = 9; int p4IN2 = 10; int OUT4 = 18; 
int p5IN1 = 11; int p5IN2 = 12; int OUT5 = 2; 
 
volatile float encoder1 = 0; 
volatile float encoder2 = 0; 
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volatile float encoder3 = 0; 
volatile float encoder4 = 0; 
volatile float encoder5 = 0; 
 
// motor speed input 
int pwm1 = (rev1/rev3)*128; 
int pwm2 = (rev2/rev3)*128; 
int pwm3 = 128; 
int pwm4 = (rev4/rev3)*128; 
int pwm5 = (rev5/rev3)*128; 
 
void setup() { 
  myservo1.attach(22);  myservo1.write(0); 
  myservo2.attach(23); myservo2.write(0); 
  myservo3.attach(24);  myservo3.write(0); 
  myservo4.attach(25);  myservo4.write(0); 
  myservo5.attach(26);  myservo5.write(0); 
  delay(1000); 
 
  Serial.begin(9600); 
  pinMode(p1IN1,OUTPUT);  pinMode(p1IN2,OUTPUT);  pinMode(OUT1,INPUT); 
  pinMode(p2IN1,OUTPUT);  pinMode(p2IN2,OUTPUT);  pinMode(OUT2,INPUT); 
  pinMode(p3IN1,OUTPUT);  pinMode(p3IN2,OUTPUT);  pinMode(OUT3,INPUT); 
  pinMode(p4IN1,OUTPUT);  pinMode(p4IN2,OUTPUT);  pinMode(OUT4,INPUT); 
  pinMode(p5IN1,OUTPUT);  pinMode(p5IN2,OUTPUT);  pinMode(OUT5,INPUT); 
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  attachInterrupt(digitalPinToInterrupt(OUT1), count1, FALLING); 
  attachInterrupt(digitalPinToInterrupt(OUT2), count2, FALLING); 
  attachInterrupt(digitalPinToInterrupt(OUT3), count3, FALLING); 
  attachInterrupt(digitalPinToInterrupt(OUT4), count4, FALLING); 
  attachInterrupt(digitalPinToInterrupt(OUT5), count5, FALLING); 
} 
 
void loop () { 
  //forward 
encoder1 = 0; encoder2 = 0; encoder3 = 0; encoder4 = 0; encoder5 = 0; 
  digitalWrite(p1IN1,HIGH);  digitalWrite(p1IN2,LOW);  analogWrite(p1IN1,pwm1); 
  digitalWrite(p2IN1,HIGH);  digitalWrite(p2IN2,LOW);  analogWrite(p1IN1,pwm2); 
  digitalWrite(p3IN1,HIGH);  digitalWrite(p3IN2,LOW);  analogWrite(p3IN1,pwm3); 
  digitalWrite(p4IN1,HIGH);  digitalWrite(p4IN2,LOW);  analogWrite(p4IN1,pwm4); 
  digitalWrite(p5IN1,HIGH);  digitalWrite(p5IN2,LOW);  analogWrite(p5IN1,pwm5); 
   
  while ((encoder1 <= (800*rev1)) && (encoder2 <= (800*rev2)) && (encoder3 <= 
(800*rev3)) && (encoder4 <= (800*rev4)) && (encoder5 <= (800*rev5))){ 
    myservo1.write(0+angle1*(encoder1/(800*rev1))); 
    analogWrite(p1IN1,pwm1); 
    myservo2.write(0+angle2*(encoder2/(800*rev2))); 
    analogWrite(p2IN1, pwm2); 
    myservo3.write(0+angle3*(encoder3/(800*rev3))); 
    analogWrite(p3IN1, pwm3); 
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    myservo4.write(0+angle4*(encoder4/(800*rev4))); 
    analogWrite(p4IN1, pwm4); 
    myservo5.write(0+angle5*(encoder5/(800*rev5))); 
    analogWrite(p5IN1, pwm5); 
  } 
  
  analogWrite(p1IN1,0); 
  analogWrite(p2IN1,0); 
  analogWrite(p3IN1,0); 
  analogWrite(p4IN1,0); 
  analogWrite(p5IN1,0); 
  delay(5000); 
 
//backward 
encoder1 = 0; encoder2 = 0; encoder3 = 0; encoder4 = 0; encoder5 = 0; 
 
  digitalWrite(p1IN1,LOW);  digitalWrite(p1IN2,HIGH);  analogWrite(p1IN2,pwm1); 
  digitalWrite(p2IN1,LOW);  digitalWrite(p2IN2,HIGH);  analogWrite(p2IN2,pwm2); 
  digitalWrite(p3IN1,LOW);  digitalWrite(p3IN2,HIGH);  analogWrite(p3IN2,pwm3); 
  digitalWrite(p4IN1,LOW);  digitalWrite(p4IN2,HIGH);  analogWrite(p4IN2,pwm4); 
  digitalWrite(p5IN1,LOW);  digitalWrite(p5IN2,HIGH);  analogWrite(p5IN2,pwm5); 
   
  while ((encoder1 <= (800*rev1)) && (encoder2 <= (800*rev2)) && (encoder3 <= 
(800*rev3)) && (encoder4 <= (800*rev4)) && (encoder5 <= (800*rev5))){ 
    myservo1.write(angle1-angle1*(encoder1/(800*rev1))); 
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    analogWrite(p1IN2,pwm1); 
    myservo2.write(angle2-angle2*(encoder2/(800*rev2))); 
    analogWrite(p2IN2,pwm2); 
    myservo3.write(angle3-angle3*(encoder3/(800*rev3))); 
    analogWrite(p3IN2,pwm3); 
    myservo4.write(angle4-angle4*(encoder4/(800*rev4))); 
    analogWrite(p4IN2,pwm4); 
    myservo5.write(angle5-angle5*(encoder5/(800*rev5))); 
    analogWrite(p5IN2,pwm5); 
  } 
   
  analogWrite(p1IN2,0); 
  analogWrite(p2IN2,0); 
  analogWrite(p3IN2,0); 
  analogWrite(p4IN2,0); 
  analogWrite(p5IN2,0); 
  delay(5000); 
} 
 
void count1(){  encoder1 = encoder1 + 1;} 
void count2(){  encoder2 = encoder2 + 1;} 
void count3(){  encoder3 = encoder3 + 1;} 
void count4(){  encoder4 = encoder4 + 1;} 
void count5(){  encoder5 = encoder5 + 1;} 
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Appendix D: Input value calculations 
D.1. Semicircle input calculations 
 
 
D.2. Hyperbolic paraboloid input calculations 
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D.3. Helix input calculations 
 
 
 
 
 
 
 
 
 
 
69 
 
Appendix E: Result analysis 
E.1. Semicircle result analysis 
 
 
E.2. Hyperbolic parabola result analysis 
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E.3. Helix result analysis 
 
